factors to occupy cis-elements that are accessible only in selected tissues. Master transcription 32 factors control cell-specific genes and define cellular identities, but it is unclear if they possess 33 special abilities to regulate cell-specific chromatin and if such abilities might underlie lineage 34 determination and maintenance. One prevailing view is that several transcription factors enable 35 chromatin access in combination. The homeodomain protein CDX2 specifies the embryonic 36 intestinal epithelium, through unknown mechanisms, and partners with transcription factors such 37 as HNF4A in the adult intestine. We examined enhancer chromatin and gene expression 38
following Cdx2 or Hnf4a excision in mouse intestines. HNF4A loss did not affect CDX2 binding 39 or chromatin, whereas CDX2 depletion modified chromatin significantly at CDX2-bound 40 enhancers, disrupted HNF4A occupancy, and abrogated expression of neighboring genes. 
MATERIALS AND METHODS 91 92
Chromatin immunoprecipitation (ChIP). ChIP was performed as described previously (18) . 93
Epithelial cells were isolated from villi in the middle 1/3 of the mouse small intestine (jejunum) 94 using EDTA to separate epithelium from underlying lamina propria, as reported (26). Villi were 95 separated from crypts by retaining vortex fractions that failed to pass through a 70 µm filter. For 96 TF ChIP, villus fractions were first cross-linked using 1% formaldehyde in phosphate-buffered 97 saline (PBS) for 15 min at 4 o C, then for 35 min at room temperature, followed by sonication in 98 lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1) using a Bioruptor until most 99 DNA fragments were between 200-500 bp in length, as determined by agarose gel 100 electrophoresis. Cell lysates were diluted 6-10 fold in binding buffer (1% Triton X-100, 2 mM 101 EDTA, 150 mM NaCl, 20 mM Tris-HCl pH 8. computes the log-fold difference between the probabilities of true and background motif 116 enrichment at given site, providing Motif-Scan scores along with their specific locations; the 117 background frequency is obtained using a zero-order or 1 st order of Markov chain. A Motif-Scan 118 score of 100 was empirically selected as the lower limit, i.e., scores <100 were regarded as 119 insignificant for further consideration. Motif content was quantified as the fraction of binding 120 sites with presence of the motif at a given quantile-based score cut-off with respect to all binding 121 sites (Supplemental Fig. S1 ). When multiple instances of a motif were detected in a TF binding 122 site, only the one with the highest score was considered. 123
124
Determination of TF binding and co-occupancy. After mapping onto the reference mouse 125 genome (UCSC assembly mm9, NCBI build 37), ChIP-Seq fragments with 2 or fewer 126 mismatches in each library were kept for identifying TF binding sites, using MACS version 1.4.0 127 beta (27) and consideration of local chromatin bias. Resulting WIG files were visualized in the 128
Integrative Genomics Viewer (28). TF co-occupancy was determined by considering the distance 129 between nearest neighbor binding summits (p <10 -5 ) at increasing distances ( Figure 1C 
Cdx2
-/-intestine. Figure 6E Figure S1 ). These findings 245 imply that HNF4A and CDX2 come in direct contact with DNA, but also allow for the 246 possibility that some binding may occur through intermediary factors. To set a distance within 247 which to regard regions as co-occupied by the two TFs, we determined the cumulative rate of 248 nearby TF binding. We raised the distance from HNF4A or CDX2 binding summits 249 incrementally and calculated the fraction of sites that bound the other TF within each interval 250 ( Figure 1C ). This analysis showed rapidly increasing co-occupancy at distances under 300 bp, 251 whereas binding frequencies of each TF beyond this interval were similar to those in the genome 252 at large. On this basis we selected 300 bp as an empiric cut-off distance for TF co-occupancy, 253 noting several features. First, 300 bp approximates the length of DNA a displaced nucleosome 254 might expose in accessible chromatin. Second, within the 300-bp interval, we observed no 255 particularly favored distance between CDX2 and HNF4A binding summits ( Figure 1D ). Third, 256 more than 12% of HNF4A binding occurred near CDX2-occupied sites and nearly a quarter of 257 all CDX2 binding in vivo occurred within 300 bp of HNF4A, often closer ( Figure 1D ). Thisdegree of co-occupancy is similar to reports of TF convergence at cis-elements in other contexts 259 (35-37) and sample ChIP-seq data illustrate both separate and joint occupancy of CDX2 and 260 HNF4A in the intestinal cell genome ( Figure 1E ). Most HNF4A occupancy, with or without 261 nearby CDX2 binding, occurred more than 2 kb away from transcription start sites (TSSs), in 262 intergenic regions and introns ( Figure 1F) . as computed by LIMMA) and both immunoblot and immunostaining showed a commensurate 316 decline in protein levels ( Figure 5A ). Reflecting the lower protein level, HNF4A occupancy was 317 modestly reduced at sites where it normally binds DNA without CDX2 nearby ( Figures 5C and  318 5F, left). Second, DNA binding was severely affected at sites where CDX2 and HNF4Aordinarily co-occupy DNA ( Figures 5C and 5F , right). For example, HNF4A binding was lost at 320 the Homer2, Ms4a8a, and Aw112010 loci, where CDX2 and HNF4A co-occupy DNA, but 321 barely reduced at the linked Whamm locus or Ms4a8a promoter, which do not bind CDX2 322
( Figures 5D-E and Supplemental Figure S2A) . Indeed, site-by-site analysis indicated highly 323 significant differences between HNF4A binding at co-occupied regions and its binding at sites 324
where it normally occupies DNA without nearby CDX2 ( Figure 5F ). Taken together, these data 325
show that HNF4A is dispensable for CDX2 binding but CDX2 is necessary for HNF4A binding, 326 especially at sites where the two proteins co-occupy DNA. 
